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SUMMARY

Convergent and parallel flow nozzles were used with a room
temperature air supply to study the aerodynamic and acoustic
characteristics of subsonic and supersonic jets. For sub-
sonic jets the core region extended to approximately 5 dia-
meters from the jet exit and for a Mach number of 1.4 the
sonic point was located at 13.7 diameters. The subsonic
turbulent velocity decay region for both subsonic and super-
sonic jets were similar. Peak impact pressure fluctuations
on the axis occurred at approximately 9 diameters for sub- *
sonic jets and for supersonic jets the peak was located just
ahead of the sonic point.

The directivities for the subsonic jets were similar with the
maximum sound pressure level at 19.1° from the jet axis and
the sound pressure decreased monotonically with increasing
angle. But for supersonic jets the sound pressure level was
nearly constant over most of the angular positions. The
power spectra for subsonic jets were similar with the peak
power occurring at approximately 4 kHz, and for a Mach 1.4
jet the peak power occurred at a frequency of 5 kHz. Near
field sound pressure level distributions were quite similar
for subsonic jets. But for supersonic jets the sound pres-
sure distributions were quite different. From these near
field measurements the overall acoustic power levels were
determined and the values agreed with the far field measure-
ments for the supersonic jets. Overall sound power levels
were compared with the subsonic theory of Lighthill and
supersonic theory of Nagamatsu and Horvay. The exponents a
and 8 in this theory were evaluated for convergent and
parallel flow nozzles as functions of the jet Mach number.
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INTRODUCTION

With the development of the large jet engines necessary for
the supersonic transport airplanes, the supersonic exhaust
velocities have made the problem of jet exhaust noise during
take-offs quite critical around the airports located in
metropolitan areas of the world. In order to reduce this
exhaust noise, some knowledge of the mechanism and location

of the noise sources in a supersonic jet must be obtained.
But, even for subsonic jets, the actual location of the noise
sources within the jet from the turbulent fluctuations has

not been well defined. To apply Lighthill's theoryl:2, which
relates the noise radiation to the characteristics of the
turbulence within the jet, it is necessary to know the distri-
bution of the fluctuating stress tensor in the flow field to
determine the distribution of the acoustic radiation from the
jet. But for supersonic jets, the available experimental

data is very limited and the relationship between the noise
generation from the supersonic region and the radiation to

the far field is not too well understood. The present investi-
gation was undertaken to obtain additional flow and acoustic
information from subsonic to supersonic jet exhaust velocities
for the purpose of determining the differences and similarities
in the acoustic characteristics of subsonic and supersonic
jets. It was also hoped that with better knowledge regarding
the source of acoustic radiation from supersonic jets an
efficient method of reducing the jet exhaust noise will be
developed.

One of the early experimental studies of subsonic jets with
different gases was conducted by Lassiter and Hubbard3 to
evaluate some of the effects of jet velocity, density,
turbulence level, and jet diameter on the noise generated by
subsonic jets. The exit Mach number was 0.9 with air, helium,
and freon, with exit velocities of 928, 2620, and 415 ft/sec
respectively. With helium the exhaust Mach number relative
to the ambient air velocity of sound is supersonic. Due to
this supersonic exit Mach number for helium, the location of
the peak overall sound pressure level from the jet axis was
increased from 16° for air to approximately 42° for helium.
The noise intensity was found to increase by a greater amount
with increases in the jet velocity and turbulence level and
by a smaller amount with increases in jet diameter and exit
gas density. They also showed that the noise generated by a
turbojet engine was closely related to that generated by
simple jet models.

The same authors in Ref. 4 extended the experimental investi-
gation of the plain jet to supersonic exhaust velocities at
various temperatures of the air. By placing the microphone
at a radial location of 2 diameters from the nozzle exit and
moving it along the jet axis, the overall sound pressure
levels were determined over a jet exhaust velocity range of



600 to 1870 ft/sec. for stagnation temperature of 1660°R. At
the lowest jet velocity the peak pressure fluctuations were
nearly constant over an initial distance of 6 diameters before
decreasing. As the jet velocity was increased the location of
the peak pressure fluctuations moved farther from the jet exit
and there was an appreciable increase in the pressure fluctua-
tions from the jet exit to the peak location. For supersonic
velocities with the convergent nozzle, a high intensity, dis-
crete-frequency component, screech, phenomenon was observed.
By the use of four small secondary air jets impinging at the
periphery of the primary jet slightly downstream of the throat,
the supersonic region with shock diamonds was decreased in
length. The overall sound pressure fluctuations from the
plain jet was decreased appreciably and the discrete frequency
component was eliminated.

Gerrard® obtained the sound field measurements from a one inch
diameter jet issuing from a pipe to investigate the theoretical
predictions of Lighthilll,2 on aerodynamic noise. Acoustic in-
formation was obtained over a jet Mach number range of 0.3 to
1.0 and over a wide frequency band of 30 Hz to 10 kHz. The
lines of constant intensity for fixed frequencies were deter-
mined for different Mach numbers and the results indicated

that at a given frequency the apparent source was located
farther from the jet orifice at higher velocities. Lower fre-
quency sources appeared farther downstream than ones of higher
frequency. Spectra of acoustic power output per 1/3 octave
band were determined over a Mach number range of 0.316 to 1.0
and the spectra were all quite similar with the maximum power
output at approximately 4 kHz. The acoustic efficiency of the
jet was found to be small and the observed noise field was in
qualitative agreement with the Lighthill theoryl'z.

Mollo-Christensen and associates®’”’ investigated the jet flow
characteristics and far-field noise spectra and directivity
patterns for jet diameters of 0.5, 1.0 and 1.5 in. and for jet
Mach numbers of 0.6, 0.8 and 0.9. From the stagnation pressure
measurements, the Mach number distributions across the jet were
determined at various locations from the jet exit. With the
smallest diameter the laminar core was the longest. The con-
tours of constant rms pressure fluctuation in the far-field
were determined for different jet Mach numbers, and the peak
pressures were located at approximately 20° from the jet axis,
which agreed with that observed by Lassiter and Hubbard3. Con-
tours of constant rms pressure for high frequencies indicated
the peak pressures at approximately 50° angular position and
for low frequencies the peak rms pressures were at 20° position.
These results are in qualitative agreement with that observed
by Gerrard® for subsonic jets.

Various experimental investigations8 2 have been conducted
with hot-wires to determine the characteristics of turbulence
within subsonic jets which had been shown by Lighthill to be




the source of acoustic radiation. Laurence® investigated with
hot-wire anemometers the intensity of turbulence, correlation
coefficients, and the spectra of turbulence in a 3.5 in. dia-
meter free jet at Mach numbers of 0.2 to 0.7. The characteristics
of the turbulence in the mixing region of a one inch diameter
jet were investigated with hot wires by Davies and colleagues
For a distance of six or eight nozzle diameters of the flow the
turbulence measurements indicated that there were well-defined
relationships. Chu in Ref. 10 used a hot-wire anemometer to
measure the turbulence in a subsonic jet in order to estimate
the characteristics of the noise generated by a unit volume of
turbulence in the mixing region. To accomplish this, two-point
space-time correlations of both the turbulent velocities and
the square gf these velocities were obtained. Davies and
colleagues have studied the pressure field associated with
the turbulent shear flows from jets with hot wires. They were
able to separate the hot-wire output into that due to the
turbulent and pressure field components and from these measure-
ments determined the radial distribution of turbulent and pres-
sure intensity for a subsonic jet. Hot-wire measurements of
fluctuating turbulent stresses in the mixing layer of a two-
dimensional jet were made by Jonesl? to aid in understanding
the aerodynamic noise generation from subsonic jets.

The noise from a supersonic jet has been studied by various
investigators with small jets. Powelll3 was able to correlate
the loud "screech" from room temperature supersonic jets with
the schlieren photographs of the jets. These photographs in-
dicated that the sound waves of ultrasonic frequency were
caused by the transition of the initially laminar boundary
layer to turbulence. The near-field and far-field noise survezs
for solid-fuel rockets were conducted by Mayes and colleagues
With these rockets the exhaust velocities were close to 8500
ft/sec. but the jet Mach number varied from 2.65 to 4.07. Near
field surveys indicated that the sound pressure level increased
monotonically from the jet exit and the highest pressure occur-
red at about 20 exit diameters downstream of the nozzle near
the transition from supersonic to subsonic flow. Potter and
Jones in Ref. 15 observed the same phenomenon for a small
nitrogen jet at room temperature with an exit Mach number of
2.5 and corresponding velocity of 1800 ft/sec. They were able
to determine the acoustic power generated per unit length of
the jet flow by the use of a large reverberation room. The
acoustic power distribution increased from the jet exit and

the peak acoustic power generation occurred at approximately

20 diameters downstream, which was just ahead of the sonic
location.

Experimental and analytlf%l studles of axisymmetric free jets
have been made by Warren-—©, Lovel , and Eggers18 Using heated
air jets Warren obtained the velocity and temperature distri-
butions over a Mach number range of 0.69 to 2.6, where the
supersonic jet Mach numbers were obtained with contoured nozzles



to produce uniform parallel flow at the exit. Love and
colleagues investigated the effects of jet Mach number, nozzle
divergence angle, and jet static-pressure ratio upon the jet
structure, jet wavelength, and the shape and curvature of the
jet boundary. Experimental observations were made to correlate
with the characteristic solutions for the supersonic jets.
Eggers determined the velocity profiles and eddy viscosity
distributions for a Mach 2.22 jet exhausting into gquiescent

air from a contoured nozzle. Tar field and far-field noise
measurements were made by Mayes of the supersonic jet with
thrust rating of approximately 475,000 lbs. This exhaust jet
was from the large thermal structures tunnel at Langley Field.
For these tests the exhaust velocity was in the range of 2800
ft/sec. and temperature of 420°R. The near~field noise results
indicated that the maximum sound pressure levels in the high-
frequency bands were greatest near the jet exit. Dosanjh

and his colleagues have been investigating the sound generation
and reduction of noise from small supersonic jets. By using
radially impinging annular jet flow, the total acoustic power
emitted by a supersonic jet from an axisymmetric converging
nozzle was decreased by 3.5 db and the shock structure in the
main jet flow was radically altered.

The primary purpose of the present investigation was to obtain
the flow and acoustic characteristics of subsonic and super-
sonic jets and to determine the differences between these jets.
Experimental aerodynamic and acoustic data were obtained from
axisymmetrical convergent nozzle operated over a range of pres-
sure ratio with corresponding range of Mach number from 0.60

to 1.40. Axial surveys were conducted with impact pressure and
total temperature probes, and with a piezo-electric impact
pressure probe to determine the total pressure fluctuations
along the jet axis. Acoustic measurements were made with
microphone rotated on a 10-ft. radius from the nozzle exit to
determine the far-field acoustic characteristics and axial
surveys with the microphone placed at various radial distances
from the jet periphery to measure the near-field characteristics.
Both aerodynamic and acoustic experimental data were correlated
with the subsonic jet noise theory of nghthlll r2 and the
supersonic theory of Nagamatsu and Horvay




2.2

EXPERIMENTAL FACILITIES AND PROCEDURES

Air Supply and Flow Control System

For the flow and acoustic studies of jets ‘exhausting to at-
mosphere, the compressed air was supplied by a large recipro-
cating four-stage compressor with an 800 hp motor. There

were two of these compressors available and both of them were
required for jet Mach numbers greater than 1.4 with 2 in. dia-
meter throat. With both compressors 8 lbs/sec. at 250 psig
can be supplied continuously. The compressed air was passed
through after-coolers, large 0il separators and settling tanks.
A photograph of the jet exhaust test facility and part of the
building housing the compressors and showing the cooling tower
is shown in Fig. 1. From the settling tanks the compressed
air flowed through a 6 in. pipe with an orifice flow meter to
the Fisher pressure control system installed just inside the
building, and then through the 4 in. pipe shown in Fig. 1.

With the automatic air flow control system, it was possible

to maintain the pressure at preselected constant operating
values in the 12 in, diameter reservoir or plenum chamber
located at the end of the 60 ft. long 4 in. diameter pipe as
indicated in Figs. 1 and 2. During the tests the reservoir
pressure was held constant within 0.1 psi by the Fisher pres-
sure regulator. A large gas fired air heater is available to
heat the air to 1260°R at 500 psig for hot jet experiments.

For these initial investigations of the plain jet, the unheated
air was used to simplify the instrumentation for obtaining flow
data in the jet at various distances from the jet exit.

Nozzle and Test Facility

A conical convergent nozzle and a contoured parallel flow
nozzle for an exit Mach number of 1.5 with throat diameter

of 2 in. were used in the present studies. The majority of
the tests were conducted with the convergent nozzle and the
acoustic and flow results with the contoured nozzle with

exit Mach number of 1.5 are_presented in Refs. 22 and 23.

The initial investigations were conducted with the jet
located adjacent to the building but to minimize the acoustic
interferences from the structure the jet was moved 60 ft.
away from the building, cf. Figs. 1 and 2. These nozzles
were attached to the contraction section of the 12 in. dia-
meter plenum chamber. Both the static pressure and total
temperature of the compressed air were measured in this
plenum chamber, which contained screens to break large scale
turbulent eddies into smaller eddies. To minimize the ground
reflection effects, the jet axis was located approximately

36 jet diameters above the ground.

A trolley system as shown in Fig. 1 with rails 20 ft. apart
was used to conduct axial surveys of the jets with impact
pressure, total temperature, and piezo-electric total pressure



probes. Also, it was possible to survey along the jet with
the microphone placed at various radial distances from the
nozzle exit. Stands were placed at both ends of the trolley
for the purpose of obtaining schlieren and shadowgraph photo-
graphs of the jets at various distances from the jet exit.

Instrumentation

Static pressures for the convergent nozzle and in the settling
section ahead of the nozzle were measured with a 14 in. dia-
meter Heisse pressure gage. High impact pressures were mea-
sured with the Heisse gage and for low impact pressures on the
jet axis at large distances downstream of the jet exit a
mercury manometer was used. For each test the ambient pres-
sure was read from a mercury barometer. Since the jet flow
can be maintained continuously with the compressors, all '
static and impact pressures were read after the pressures

were stabilized.

The total temperature in the plenum chamber was determined by
means of a chromel-alumel thermocouple or an Ashcroft dial
thermometer. A thermocouple was used in the total tempera-
ture probe for the axial surveys along the jet axis. The out-
puts from both of these thermocouples were recorded simulta-
neously on a Minneapollis-Honeywell visicorder. These thermo-
couples were calibrated over the range of total temperatures
encountered in the jet flow. A thermometer was placed below
the plenum chamber to measure the ambient air temperature
during the tests.

Acoustical instrumentation consisted of a B&K 1/2 inch free
field response condenser microphone with a cathode follower,
which had a frequency response of 20 Hz to 40 kHz. The
microphone was calibrated before each run with a B&K piston
phone calibrator which produced an oscillating dynamic pres-
sure of 124 db re .0002 microbar at 250 Hz. For far-field
acoustic measurements the microphone was placed in the plane
of the jet axis at 8 angular positions on a 10 ft. radius
from the jet exit as indicated in Figs. 1 and 2. The output
of the microphone was connected to a Ballantine true rms
voltmeter, B&K sound level meter, and General Radio data tape
recorder which had a frequency response range from 15 Hz to

16 kHz. For a few selected tests a Consolidated Electrodynamics

Corporation tape recorder was used which had a frequency re-
sponse of 0.1 to 100 kHz. These experiments were conducted
to determine the acoustic power distribution over the fre-
quency range of 16 to 80 kHz. The Ballantine true rms volt-
meter had a flat frequency response better than 200 kHz. The
recordings were analyzed using a B&K 1/3 octave-band analyzer
coupled to a Hall squaring circuit and a digital integrating
voltmeter. This procedure results in a mean square pressure
determination over 5-second periods for each analyzer band as
discussed in Ref. 22.




With the available optical instrumentation, schlieren, shadow-
graph, and interferometer photographs of the jet flow can be
obtained. The field of view for the interferometer is 2 in.
diameter with either green or white light sources. By using a
single beam of the interferometer it is possible to obtain
shadowgraph or schlieren photographs. Two 12 in. diameter
parabolic mirrors with a focal length of 8 ft. are available
for mounting on the moveable trolley. For this system either
a steady light source or a spark source with 0.4 microsecond
duration is available.

Procedure

Two separate runs were made at each selected reservoir pres-
sure with the convergent nozzle to obtain the acoustics and
flow information. The reservoir pressures for the nozzle
were selected to produce jet flow Mach numbers from 0.60 to
1.40. For each nozzle pressure ratio, which is the ratio of
reservoir to ambient pressure, the Fisher flow regulator was
adjusted to maintain constant reservoir pressure for the
duration of the run. The nozzle and reservoir pressures and
the total temperature in the reservoir were recorded after
the jet flow had attained equilibrium condition. Total pres-
sure and total temperature surveys along the axis of the jet
were made from the nozzle exit to 40 nozzle diameters down-
stream., The probes were held at a given axial position until
the total pressure or the total temperatures had reached
equilibrium value. These axial surveys were conducted only
when the ambient wind velocity indicated on a wind velocity
meter was less than 10 mph. The ambient temperature and
pressure were recorded for each test.

The far-field acoustic measurements were made with the micro-
phone placed at eight angular positions in a horizontal plane
at a fixed 10 ft. radius from the jet exit as shown in Figs.
1 and 2., Before each test the microphone was calibrated with
the B&K piston phone calibrator. After the jet flow was
established, the microphone was held in each angular position
for approximately one minute to record the microphone output
with the tape recorder and obtain the rms voltmeter and B&K
sound pressure level meter readings. Axial near field surveys
were made with two microphones located at a radial distance
of 2 and 4 diameters from the nozzle exit as indicated in
Fig. 2. A second series of near field measurements were made
with microphones at 3 and 8 diameters. For these near-field
surveys the outputs from the microphones were connected to
the Ballantine rms voltmeter to obtain the sound pressure
level at each location in db re .0002 microbar.

To determine the total pressure fluctuations along the center
line of the jet, a 1/4 in. diameter "Kistler" quartz pressure
transducer with the probe face normal to the jet was mounted
on the trolley with a long sting holding the probe. The output



from the pressure probe was connected to the Ballantine rms
voltmeter to determine the magnitude of the total pressure
fluctuations in mv. The total pressure fluctuations were
measured from the jet exit to 40 diameters downstream over
a jet Mach number range of 0.60 to 1.40.




3.1

3.1.1

RESULTS AND DISCUSSION

Aerodynamics

Optical Results

An interferometer with a 2 in. field -of view with green and
white light source was used to obtain optical records of the
shock waves for supersonic jets and the jet boundary. For
these studies a small convergent jet with an exit diameter

of 1/8 in. was placed in the optical path of the inteérfero-
meter. By using both beams of the interferometer, the density
variations through the jet were obtained as indicated in Fig.
3 with the fringes parallel and perpendicular to the jet axis.
For these optical data, the jet Mach number was approximately
1.4. Both white and green light sources were tried and it

was found that the green light source gave better resolution
of the diamond patterns for supersonic jets than the white
light. When a convergent nozzle is operated with reservoir
pressure greater than that for sonic Mach number at the exit,
which is usually referred to_as an underexpanded nozzle, shock
bottles or diamond pat:ternsl7'20 are formed due to the inertia
effect of the gas. These shock patterns and the length of
each bottle are more distinct with the fringes parallel to

the jet axis as indicated in Fig. 3a, than with the fringes
perpendicular to the jet axis, Fig. 3b. Approximately 7 shock
bottles are visible with the ones located farthest downstream
from the jet exit being very faint. With the fringes hori-
zontal the supersonic jet boundary at the nozzle exit is very
distinct and farther downstream the fringes have curvatures
away from the jet axis indicating the spreading of the jet,.

In this photograph the shock bottles are visible but are not
as well defined as those indicated in Fig. 3a.

Interferograms were obtained in Fig. 4 for a jet Mach number
of 1.0 with the fringes parallel and perpendicular to the jet
axis. Since the flow was sonic, there were no shock bottles
present as observed in Fig. 3 for supersonic jet exhaust.

But again with the fringes normal to the jet axis, Fig. 4b,
the jet boundary is well defined in the immediate neighborhood
of the jet exit and the curvature in the fringes farther down-
stream indicates the spreading of the subsonic jet. Inter-
ferograms for all other subsonic Mach numbers were quite
similar to that observed for a jet Mach number of 1.0.

The schlieren photographs, Figs. 5 and 6, of the small jet
were obtained by using one beam of the interferometer and
placing a knife edge at the focal point. In these figures
the schlieren photographs are for jet Mach numbers of 1.4
and 1.0. With the horizontal knife edge, Fig. 5a, the shock
bottles are distinct close to the jet exit but farther down-
stream the shock waves are not as distinct because of the
instability of the jet. Since the schlieren photographs



indicate the density gradient, the jet boundaries are clearly
defined as the jet issues from the convergent nozzle. At a
jet Mach number of 1.4 the amount of jet expansion from the
nozzle exit is not very appreciable. Approximately 7 shock
diamonds are visible with the shocks becoming faint towards
the tip of the supersonic region. These shock patterns were
practically identical to those observed with a 2 in. dia-
meter convergent jet discussed in Ref. 23. For the sonic
Mach number the schlieren photographs in Fig. 6 indicate only
the outer edge of the jet boundary and the core region where
there is large density gradient and no disturbance is present
in the jet. Similar schlieren photographs were obtained for
all subsonic jet Mach numbers. The shock waves in the super-
sonic jets and the jet boundary are more sharply defined in
schlieren photographs than in the interferograms, Figs. 3 and
4, but the interferograms do indicate the spreading of the
jet into the ambient air much more clearly from the curvature
of the fringes.

Shadowgraphs of the subsonic and supersonic jet velocities,
Fig. 7, were obtained by using the one beam of the inter-
ferometer without the knife edge. For the supersonic jet
velocity, Fig. 7a, the strong shock waves in the initial
shock bottles are very well defined because the shadowgraph
photographs indicate the second derivative of the density
gradient. In the photograph of the supersonic jet of Mach
number 1.4, only 4 shock bottles are evident. The outer edge
of the jet boundary is quite clearly defined at the nozzle
exit for both sonic, Fig. 7b, and supersonic jet velocities.
Thus, by using interferometer, schlieren, and shadowgraph
photographs of jet at subsonic and supersonic velocities, it
is possible to determine the location of the shock waves,
large density gradient in the jet boundary, the core region,
and the mixing of the jet with ambient gas.

Axial Velocity Distribution

The axial variations of the flow velocity along the jet axis
were obtained by means of impact pressure and total tempera-
ture probes mounted on the trolley system, cf. Fig. 1, and
moved from the jet exit to 80 in. downstream. With the con-
vergent nozzle the jet expands from the exit for pressure
ratios greater than the critical value. At supersonic jet
velocities, the Mach number at the convergent nozzle exit is

sonic as indicated in Fig. 8 and the static pressure is greatex

than the ambient pressure. Thus, in this figure the Mach
numbers determined from the ratio of ambient to the impact
pressure and the ratio of impact to the reservoir pressure
are presented. These Mach numbers are given by the following
equations:

1 - Y
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In the immediate vicinity of the convergent nozzle exit the
Mach number determined from the ratio of the impact to the
reservoir pressure is valid for supersonic jets in the core
region. But farther downstream the primary jet mixes with
the ambient gas so that the total energy of the jet is not
equal to that in the reservoir. For these conditions the
static pressure in the jet approaches the ambient pressure
and consequently the Rayleigh formula, Eqg. (1), should be
more applicable to determine the local flow Mach number. In
Fig. 8 for a jet Mach number of 1.4, the flow Mach numbers
determined by these methods do agree at a distance of 10 in.
from the nozzle exit. As the supersonic jet Mach number
approaches unity, the difference between the Mach numbers
determined by Egs. (1) and (2) becomes smaller as indicated
in Fig. 8 for a jet Mach number of 1.2.

The axial flow Mach numbers were determined by the ratio of
ambient to impact pressure for all subsonic jet Mach numbers,
including sonic. Over the jet exit Mach number range of 0.60
to 1.0, the axial variations of the velocity with distance
were quite similar. For these subsonic jet Mach numbers the
flow velocity was nearly constant over the initial 10 in.
from the jet exit. This would indicate that the core region
extended over 5 diameters from the convergent nozzle with an
exit diameter of 2 in.

To determine the local flow velocity in the jet, both impact
pressure and total temperature were measured separately on
the jet axis. The relationship between the total temperature
of the flow and the ambient temperature is given by

4 M2) [3]

=] l'ﬂ
]
=
+

o

Thus, knowing the flow Mach number from Egs. (1) or (2) and
the total temperature, the local ambient temperature was
calculated from this equation. By assuming a perfect gas,
the local velocity of sound was calculated from

c“ = yRT [4]
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and the local flow velocity by

v =Mc [5]

The flow velocities determined by this method for various jet
Mach numbers are presented in Fig. 9. For subsonic jet Mach
numbers, the uniform velocity region extends to approximately
5 diameters before the flow velocity decreases with distance.
The optical photographs presented in Figs. 4, 6 and 7 indicate
the core region for subsonic jet Mach numbers and this cor-
relates with the core region determined from the axial impact
pressure and total temperature measurements. The velocity
decay in the turbulent mixing region downstream of the core
region is quite similar for all of the subsonic jet Mach
numbers and agrees with the results presented in Ref. 16.

For supersonic jet exit Mach numbers of 1.2 and 1.4, the
sonic locations on the axis from Fig. 8 were 19.6 and 27.4
in. respectively. Using these distances in Fig. 9 to locate
the sonic point, the flow velocity decay for both supersonic
jet Mach numbers in the subsonic region is quite similar to
that observed for subsonic jet exhaust velocities. Thus,

for supersonic jet velocities, the location of the sonic
point moves downstream with the supersonic Mach numbers, but
the velocity decay in the subsonic turbulent region is similar
to that observed for subsonic jets.

Jet Core Region and Supersonic Length

From the distributions of the Mach number and the flow velo-
city along the axis, Figs. 8 and 9, the jet core length, 2
and supersonic length, were determined over the Mach
number range of 0.60 to i 40 from convergent nozzle. The
core length is defined as the distance from the jet exit
where the velocity on the axis is equal to that at the jet
exit. Schlieren photographs in Fig. 6 for sonic velocity
indicate the mixing of the jet with the ambient air as well
as the core region. For subsonic Mach numbers the core
length is approximately 5 diameters as indicated in Fig. 10.
With a convergent nozzle at pressure ratios greater than the
critical values for supersonic Mach numbexs, there is no
uniform core region because of the shock bottles as indicated
in the Figs. 3, 5 and 7. This is not the case with a con-
toured nozzle operated at the design pressure ratio where

the velocity from the nozzle exit is uniform and parallel
with static pressure equal to the ambient pressure as dis-
cussed in Refs. 15 - 18. At sonic exit velocity the core and
supersonic lengths were identical with the convergent nozzle.
The supersonic region increased very rapidly with Mach number
as indicated in Fig. 10. For supersonic Mach numbers the
length of the supersonic region can be approximated by:

cl
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Lg = -32.50 + 48.75 My - 11.25 M§ [6]

for the present convergent nozzle data. 1In Ref. 21 the
available experimental data on the core and supersonic

lengths for different types and sizes of nozzles and for
various total temperatures were correlated, and the equations
for the core and supersonic lengths were derived. By using
the same pressure ratio and throat diameter for contoured

and convergent nozzles, the supersonic length for the con-
vergent nozzle was greater than for the contoured nozzle
because of the shock bottles with corresponding less efficient
mixing with the ambient air as discussed in Ref. 23.

Axial Impact Pressure Fluctuations

A small 1/4 in. diameter quartz piezoelectric pressure trans-
ducer with response time of approximately 20 microseconds was
used to measure the impact pressure fluctuations along the
axis for various jet Mach numbers. The rms values of the
pressure fluctuations were obtained over an axial distance

of 80 in. from the jet exit by the use of the moveable trolley,
and are presented in Fig., 1l. Over the subsonic Mach number
range of 0.60 to 1.0, the variations of the impact pressure
fluctuations with distance were quite simiiar with the peak
fluctuations occurring at approximately 9 diameters from the
jet exit. For subsonic Mach numbers, in the initial core
region of approximately 5 diameters the pressure fluctuations
are quite small compared to the peak value. From the optical
results, Figs. 3 - 7, and the axial velocity distributions,
it appears that the peak impact pressure fluctuations occur
in the region where the prjmary jet is completely mixed with
the surroundlng gas. This region would correspond to the
adjustment region as defined by nghthlll 12, After this
region the jet decays as a fully established turbulent jet
flow and the impact pressure fluctuations decay monotonically.
The decay in the impact pressure fluctuations beyond the peak
value and in the axial velocity are gquite similar for the
subsonic jet Mach number range of 0.60 to 1.00.

As the jet velocity was increased to supersonic Mach numbers,
the peak impact pressure fluctuations became greater than
those observed for subsonic jets, cf. Fig. 11, and the loca-
tion of the peak fluctuations was in the vicinity of the sonic
velocity on the axis. At a jet Mach number of 1.4 the peak
pressure fluctuations occurred just ahead of the sonic velo-
city on the axis while for a jet Mach number of 1.2 the loca-
tion of the peak impact pressure was at the sonic point. The
optical photographs of the Mach 1.4 jet, Figs. 3, 5 and 7,
show the presence of large number of shock bottles, but
evidently the impact pressure fluctuations at the normal
shock waves in the bottles are not large compared to the
fluctuations present at the end of the supersonic flow region.
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At this Mach number the impact pressure should be the highest
at the jet exit but the impact pressure fluctuations were

quite small compared to the peak value. After the location

of the peak fluctuations for supersonic jet Mach numbers, the
fluctuations and the mean velocity, Fig. 9, decreased con-
tinuously like the subsonic jets. Thus, the maximum impact
pressure fluctuations for supersonic jets occur in the vicinity
of the sonic velocity on the jet axis while for subsonic jets
the peak fluctuations occurred in the "adjustment region" of
the jet.

Acoustic Characteristics of Subsonic and Supersonic Jets

Directivity of Far-Field Sound

The overall sound pressure levels were determined from the
microphone measurements on a 10-ft. radius from the jet exit
as shown in Figs. 1 and 2. Eight angular positions from the
jet axis of 19.1° to 146.4° were used to determine the over-
all sound pressure levels, and the results for jet Mach
numbers of 0.60 to 1.40 are presented in Fig. 12. For sub-
sonic jet velocities the variations of the overall sound pres-
sure level with angular position were quite similar with the
maximum pressure level at an angular position of 19.1° and

the pressure monotonically decreased with increasing angle.
With room temperature subsonic jets, similar variations of

the overall sound pressure leve§ gi;h angular position were
observed by other investigators=®’®’‘’., 1In Refs. 5 - 7 it was
found that the directional characteristics of the sound field
consisted of apparent sound sources for low and high frequencies.
The angle of maximum intensity decreased with frequency, in-
dicating the directivity distributions and the spectra of

high and low frequencies are different with smooth transition
between them.

Lassiter and Hubbard3’4 had investigated the acoustic field
distribution for subsonic jet exit velocities with a heated
jet as well as with room temperature helium3 as the working
fluid. 1In both cases the exit velocities were supersonic
relative to the ambient velocity of sound. With the helium
the Mach number relative to the velocity of sound in air was
approximately 2.8 even though the helium exit Mach number was
0.90. Under these subsonic jet exit Mach number conditions,
the maximum overall sound pressure level was located at
approximately 40° from the jet axis, which is located farther
away from the jet axis than that observed for subsonic jets
with room temperature air as shown in Fig. 12. These results
indicate that both jet exhaust Mach number and the jet Mach
number relative to the ambient velocity of sound are the
parameters which determine the far field sound directivity
pattern.
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For supersonic jet Mach numbers the far field directivity pat-
terns are different from those observed for subsonic jets as
shown in Fig. 12. The maximum overall sound pressure levels
were located close to the jet axis for supersonic Mach numbers
and decreased to 43.8° location. Beyond this angular position
the sound intensity remained nearly constant for the jet Mach
number of l.4. This type of sound pressure level variation is
due to the occurrence of eight shock bottles at this Mach
number with corresponding large acoustic radiation from each
bottle as discussed in Ref. 20. When the supersonic jet is
perfectly expanded through a contoured nozzle to the ambient
air, there are no shock bottles as shown in Refs. 15 - 18. 1In
Ref. 23 it was observed that the overall sound power level de-
creased with the angular position from the jet axis. In this
reference, convergent and contoured nozzles were investigated
with the same throat diameter and pressure ratio for a jet
Mach number of 1.5. The comparison of the overall sound pres-
sure levels in Fig. 12 indicates the difference in the varia-
tions with angular position for subsonic and supersonic jet
Mach numbers from a convergent nozzle.

Sound Power Spectra

From the microphone measurements at eight angular positions,
the spectra of the acoustic power output of the jet per 1/3
octave frequency band for jet Mach number range of 0.60 to 1.40
is shown in Fig. 13. With the available tape recorder the
power spectra was obtained over a fregquency range of 40 Hz to
16 kHz. There is appreciable scatter at frequencies below
approximately 100 Hz. For these lower fregquencies the wave
length is becoming greater than the 10-ft. radius for the
microphone and consequently the acoustic data will be in the
near field at these lower frequencies, which causes the scatter
as well as increasing the apparent acoustic power output.
Gerrard® had obtained the power spectra for a small jet at
room temperature over a Mach number range of 0.316 to 1.0 and
obtained the spectra over a fregquency range of approximately
150 Hz to 9 kHz. Over this frequency range the spectra pre-
sented in Fig. 13 are quite similar to that presented in Ref.
5. Over a jet Mach number range of 0.60 to 1.20 there appears
a dip in the power spectra at approximately 4000 Hz in Fig. 13.
Since other investigators3'7 with subsonic jets have not ob-
tained the dip in the power spectra at this frequency, it is
very possible that the discontinuity in the power spectra was
caused by the particular sound analyzer used in the present
investigation.

For subsonic jet Mach numbers there is no noticeable change in
the frequency of maximum power as indicated in Fig. 13. This

same type of spectra was observed by Gerrard for subsonic jets.
Even at a supersonic jet Mach number of 1.2 the power spectrum
is very similar to that observed for the subsonic jets. At the
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highest jet Mach number of 1.4 with the convergent nozzle, the
maximum power occurred at higher frequency than that for the
subsonic jets. Also, for this Mach number the discontinuity

in the spectrum was not present. Acoustic data for the jet
Mach number of 1.4 was obtained also with a tape recorder with
response up to 80 kHz and the power spectrum from this data
agreed with that observed with the tape recorder over a fre-
quency range of 40 Hz to 16 kHz. For frequencies greater than
16 kHz the power continuously decreased indicating that nearly
all of the acoustic power is contained in frequencies below 16
kHz for the 2 in. diameter nozzle. The Strouhal number for the
frequency of 5 kHz for the peak power at a Mach number of 1.4
is 0.64. Comparison of sound power spectra in Fig. 13 between
subsonic and supersonic jets indicates that the change in the
power spectrum from subsonic to supersonic jet velocities is
rather gradual and not as drastic as the overall sound pressure
level shown in Fig. 12,

Overall Sound Power Level
The overall acoustic power output was calculated from the micro-

phone data obtained at eight angular positions for each jet Mach
number by

T
2 _—
W= 27 / p? sin 6 4 8 (71
Pa Ca
o

where p is the rms sound pressure on the surface of a sphere
of radius r, which is 10 ft., from the exit of the convergent
jet. And the corresponding overall sound power level in db is
given by

L, = 10 log;, ™

w
Wy

where W, is taken to be 10—13 watts. Overall sound power level
as a function of the reservoir pressure for the convergent jet
is presented in Fig. 1l4. The Mach number range corresponding
to the reservoir pressures is 0.60 to 1.40. Sonic jet Mach
number corresponds to a reservoir pressure of 13.1 psig. At
the lower subsonic Mach numbers the overall sound power level
increases rather steeply with jet Mach number and the slope
decreases appreciably for supersonic jet Mach numbers. Since
the total temperature was close to room temperature for these
jet Mach numbers, the velocity, density, and temperature of
the jet are not constant but are functions of the jet Mach
number. Further discussion of the overall sound power levels
will be made in a later section of this report.

8l
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3.2.4

Near Field Pressure Fluctuations

By using the trolley system, Figs. 1 and 2, and locating the
microphone at various radial distances from the convergent
nozzle exit, the variations in the near field pressure fluctua-
tions with axial distance from the jet exit were determined for
jet Mach numbers >f 0.60 to 1.40 and are presented in Figs.

15a - e. The microphones were placed at radial locations of 2
to 8 nozzle diameters from the periphery of convergent nozzle
exit, cf. Fig. 2. For subsonic jet Mach numbers of 0.60 to

1.0 the variations of the sound pressure level with axial
distance for a given radial location were quite similar indi-
cating the same type of acoustic radiation from subsonic jets,
as well as for a sonic jet. The greatest increase in the

sound pressure fluctuations with axial distance occurred with
the microphone at the 2 diameter location. And the least
variation of the sound pressure level with distance occurred
with microphone eight diameters away from the nozzle for the
subsonic Mach numbers.

From the axial impact pressure survey for these Mach numbers,
it is noted that the uniform core region extends to 10 in. or
5 diameters as indicated in Figs. 8 and 9. But the near field
sound pressure increased with distance beyond the core region
for subsonic jet Mach numbers. This is reasonable because the
sound pressure level at a particular radial and axial distances
is influenced by the acoustic radiation from the upstream and
downstream portion of the jet for subsonic exhaust velocities.
And hence, the near field pressure level should increase with
distance over the initial region from the jet exit as shown in
Figs. 15a - c¢. At the jet exit the sound pressure levels at 3
and 4 nozzle diameters away from the jet were quite close but
at larger axial distances the difference in the sound pressure
levels became greater for all of the subsonic Mach numbers.

The variations of the near field sound pressure levels with
radial and axial distances from the jet exit are presented in
Figs. 15d - e for supersonic jet Mach numbers of 1.20 and 1.40.
At all radial distanc' s the sound pressure level variation with
axial distances are very different than those observed for the
subsonic jets, Figs. 1l5a - ¢. Again the largest pressure
fluctuations were observed at a radial location of 2 diameters
from the jet exit, but the variations in the sound pressure
with distance were much less than those observed for the sub-
sonic jets at the same radial location for the microphone.
Also, for the radial location of 2 diameters there was greater
local variations in the sound pressure levels for the subsonic
jets. These local variations in the sound pressure level are
probably due primarily to the Mach waves that are present for
the convergent nozzle operated with choked throat as indicated
in Refs. 17 and 20. Each shock bottle, cf. Figs. 3, 5 and 7,
for supersonic jets is a source of strong acoustic radiation,
including Mach waves.
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The sound pressure levels at radial positions of 3 and 4 dia-
meters are quite close with very little increase with axial
distance. This was not the case for subsonic Mach numbers as
indicated in Figs. l5a - ¢. The small decrease in the sound
pressures over a radial distance of 3 to 4 diameters and very
small increase with axial distance indicate that for supersonic
jet Mach numbers the Mach waves are dominating the acoustic
radiation from the jet in the vicinity of the nozzle exit. The
attenuation of Mach waves with radial distance is much less
than that for acoustic waves as observed for subsonic jets.

The near field sound pressure level variation for a jet Mach
number of 1.2 indicates the same type of acoustic radiation as
observed for the jet Mach number of 1.4. This acousticg behavior
is different from that postulated by various authorsls24s for
the turbulent eddy convective velocities for supersonic jets.
They have assumed that the eddy convective velocity was approxi-
mately 0.6 of the jet velocity. For a jet Mach number of 1.2,
this would correspond to subsonic Mach number of apprcximately
0.72 and for this convective Mach number there should be no
Mach waves and this jet should be similar to a subsonic jet.
But the present experimental results for the near field pres-
sure measurements for a jet Mach number of 1.2 do not confirm
this hypothesis. These near field pressure measurements in-
dicate the distinct differences in the acoustic radiation from
subsonic and supersonic jets as shown by Figs. 15 and 16 and
Figs. 17 and 18. It is interesting that the near field sound
pressures for a jet Mach number of unity are similar to those
observed for subsonic Mach numbers.

Lassiter and Hubbard4 had conducted similar experiments to
determine the near field sound pressure levels from a one in.
diameter jet with total temperature of 1660°R. The distri-
bution of the sound pressures along the Jjet was obtained for
four radial distances of .5 to 4.25 of the jet diameter at an
exhaust velocity of 1240 fps, which corresponds to a jet Mach
number of .64 and Mach number relative to ambient velocity of
sound of 1.13. Under these conditions the location of the
peak pressure fluctuations moved downstream from 4 diameters
for a radial distance of .5 diameter to approximately 12 dia-
meters for a radial distance of 4.25 diameters. These results
are similar to those observed for the room temperature jet at
a Mach number of 1.2 presented in Fig. 15d and do not agree
with the results for the subsonic jet Mach number of 0.60,
Fig. lba. It is evident from these correlations with Lassiter
and Hubbard data that the jet Mach number relative to the
ambient velocity of sound is important for hot jets, where the
jet Mach number can be subsonic but it is supersonic relative
to the ambient gas.

Lassiter and Hubbard4 also investigated the effects of the jet

velocity on the sound pressure variation with axial distance
at a radial distance of 2 diameters from the nozzle exit. With
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a total temperature of 1660°R, the jet velocity was varied from
600 ft/sec. to 1870 ft/sec. and the corresponding jet Mach
number varied from 0.31 to .96 while the Mach number relative
to the ambient velocity of sound varied from 0.55 to 1.70. At
the lowest velocity of 600 ft/sec. the overall sound pressure
fluctuations remained nearly constant over the initial 6 dia-
meters downstream of the jet exit before decreasing with dis-
tance. For this velocity the jet Mach numbers are subsonic

and hence, one would expect that the pressure variation with
distance should be similar to that observed for jet Mach number
of 0.60, Fig. 1l5a. But the observed sound pressure variations
do not agree and this difference may be caused by the difference
in the total temperatures of 520° and 1660°R. Additional in-
vestigations must be conducted to resolve these results.

As the jet velocity was increased to 1870 ft/sec. the location
of the peak sound pressure moved downstream to approximately

10 diameters, and the overall sound pressure continuously in-
creased from the jet exit to the peak value before decreasing
with distance. For this velocity the jet Mach number was 0.96
and the Mach number relative to ambient air was 1.70. The
corresponding jet Mach numbers with room temperature jet would
be approximately sonic, Fig. 1l5¢, and 1.4, Fig. l1l5e. Com-
parisons of these figures with the data ¢f Lassiter and Hubbard
indicate that jet Mach number and the Mach number with respect
to the ambient gas are important in the near field sound pres-
sure distribution. The jet Mach number determines the length
of the core and supersonic regions as indicated in Fig. 10
while the acoustic radiation from the jet is influenced by the
jet Mach number relative to ambient velocity of sound. Further
investigations must be conducted to obtain additional knowledge
regarding the influence of jet Mach number, total temperature,
and different gases upon the near field sound pressure distribution.

To show the differences in the near field sound pressure distri-
butions for subsonic and supersonic jet Mach numbers more clearly,
the sound pressure results presented in Fig. 15 for constant Mach
numbers have been replotted in Fig. l6a and b for radial dis-
tances of 2 and 4 diameters and various jet Mach numbers. At a
radial distance of 2 diameters, Fig. l6a, the variations of the
sound pressure distributions with axial distance are similar

for subsonic Mach numbers of 0.60 to 1.0 with the overall sound
pressure level monotonically increasing with the axial distance.
But for the supersonic jet Mach numbers of 1.2 and 1.4, the

sound pressure levels at the jet exit location increased appre-
ciably from that of jet Mach number of unity, and the increase

in the sound pressure levels with distance was not as large as
that observed for the subsonic jets. This difference in the

near field pressure distributions are caused primarily by the
appearance of the Mach waves for supersonic jets as discussed
previously. Similar differences in the variation of the sound
pressure distributions are still appreciable for radial location
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of 4 diameters as shown in Fig. l6b. At this radial position
the increase in the sound pressure level with axial distance

for both subsonic and supersonic jets is not as great as that
observed closer to the jet at 2 diameters.

In Fig. 1l6c the near field sound pressure distributions are
presented for radial positions of 2 and 4 diameters and Mach
numbers of 0.60 to 1.40. For subsonic Mach numbers of 0.60

to 1.0 the sound pressure distributions are similar for both
radial positions of 2 and 4 diameters. But for supersonic
Mach numbers of 1.2 and 1.4, the variations of the sound pres-
sure level with distance are quite different from those of the
subsonic jets at both radial positions of 2 and 4 diameters.
Also, the attenuation of the sound pressure with radial dis-
tance is greater for the jet Mach number of 1.2 than 1l.4.

This may be due to the weaker waves present for the lower
supersonic Mach number. The locations of the sonic velocity
on the jet axis are also presented in this figure. In the
subsonic region of the supersonic jets the attenuation in the
sound pressures between the radial positions of 2 and 4 dia-
meters is quite similar to that observed for subsonic jets.
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4.0
4.1

4.1.1

CORRELATION WITH JET NOISE THEORIES

Jet Noise Theories

Subsonic Jet Noise Theory of Lighthill

Lighthill in Ref. 2 derived an equation for the overall sound
power for subsonic jets based upon dimensional analysis and
experimental acoustic data as

w=104L1, 3 [9]
2

and assumed that the jet density p: equals the ambient density
Pa. To account for the difference$ in the physical state of
the jet with that of the ambient gas, Eg. [9] can be expressed
as

3 C. M. [9a]
2 Pa C J ]

where m = p. U. A is the mass flow of the jet. By assuming the
sound emittdd from the mixing region, 0 < x < 4D, to be constant
and the fully developed turbulent decay region as 4D < x < «,
the overall acoustic power output can be expressed as suggested

by Lighthill by

4D o
= d ap)® x°© 1
W = W, dx + Wi (4D) " x dax [10]
0 4D

where w_ is the sound emission per unit length in the mixing
region.” As shown in Ref. 21 the acoustic power output per
unit diameter length in the mixing and turbulent decay regions
can be expressed as )
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and
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These equations for the sound emission from subsonic jets will
be correlated with the acoustic measurements.

Supersonic Jet Noise Theory of Nagamatsu and Horvay

An analysis of the acoustic power output for fully expanded
supersonic jets was made by Nagamatsu and Horvay by considering
the experimental aerodynamic and acoustic characteristics in
Ref. 21. From the available data for jets with various exit
diameters and temperatures it was found that the supersonic
core length and the length of the supersonic region were
functions of the jet Mach number. Also, in the supersonic
region the acoustic emission per unit length was foundlgo
vary almost linearly with distance by Potter and Jones for

a perfectly expanded jet at a Mach number of 2.49. Nagamatsu,
Pettit and Sheer?3 observed with a piezoelectric pressure
transducer that the peak impact pressure fluctuations on the
axis for jet Mach number of 1.5 occurred just ahead of the
sonic velocity location. The present investigation of the
near field sound pressures for supersonic jets indicated that
the sound pressure levels increased almost linearly from the
jet exit to the sonic location as shown in Fig. l6c. From the
sound pressure measurements made with microphones at 2 and 4
diameter locations, acoustic radiations per unit length for
Mach numbers of 1.2 and 1.4 were calculated and are plotted

in Figs. 174, 1l7e, and 19b. These results indicate that the
assumed linear variation of the sound emission per unit

length of the jet is reasonable for a convergent nozzle
operated at supersonic flow conditions.

Using the relationship for the supersonic length, the linear
variation of the acoustic power radiation per unit length in
the supersonic region and the subsonic turbulent decay, x~6,
an equation for the overall acoustic power output for super-
sonic jets was derived by Nagamatsu and Horvay in Ref. 21.

The overall sound power output from a supersonic jet can be
expressed as a sum of the acoustic contribution from the
supersonic region 0 < x < %g, and the subsonic turbulent decay
region, %4 < x < ©, by

co

s
2s

W = wdx+/wdx [13]
0

s

where w is the acoustic power output of a jet slice of unit
length and is a function of x for given jet conditions. This
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may be written with wy = w D, as

J
L o
s
W=/ Y3 d(x/D) +’/‘wd d(x/D) [14]
0 L

S

It is shown in Ref. 21 that the acoustic power output per unit
diameter length is given in the supersonic region, 0 < x/D < Lg,
by -

5
-4 p. [C. _ o=B _
J 5

9.6 Pa Ca Mj + 0.8

and in the subsonic region, Lg < X/D < =, by

6
-4 p. /C. _ -
wo =20 " 3 3V (c.? u,7B)[sm.2 + 0.8 (x/D) 6 [le]
d J J J
9.6 pa Ca

where o and B are exponents which must be evaluated from
experimental acoustic data. Substituting Egs. [15] and [16]
into Eq. [14], the total acoustic power output from a super-
sonic jet is given by

5
- -B -B
-4 0. /C. MY+ M M, [17]
9.6 o C 2

a a

These equations derived by Nagamatsu and Horvay were used to
analyze the sound emission from supeEionic jets. ng super-
sonic jet noise analyses by Phillips and Williams do not
take into consideration the observed aerodynamic and acoustic
characteristics for supersonic jets.

Distribution of Acoustic Power Emission

By placing two microphones, one on each side of the jet, at
various radial distances, the near field sound pressure varia-
tions with axial distance were determined ovez a range of Mach
number of 0.60 to 1.40. Lassiter and Hubbard® had conducted
similar experiments with a hot air jet and obtained interesting
results as discussed previously in this report. From these

sound pressure measurements in the near field, the acoustic
intensity and the acoustic power transmitted through a cylindrical
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surface were calculated to obtain information regarding the
acoustic radiation characteristics for subsonic and supersonic
jets.

The intensity of acoustic radiation at the microphone location
is given by

2
1=_P (18]

Pa Ca

where p is the rms sound pressure. By assuming that the sound
emission from the circular jet is axially symmetric, the sound
power transmission per unit length through a cylindrical sur-
face containing the microphone is

27
=2
w o= P rdo [19]
p. C
0 a “a

and in terms of unit jet diameter length

2T

Wy = —2 /Ezrde [19a]

Using these equations the acoustic power transmissions through
the cylindrical surfaces were calculated and are presented in
Figs. 17 - 19 for various radial distances and jet Mach numbers.

The acoustic power transmissions per unit length of the cylin-
drical surface concentric with the jet are presented in Figs.

1l7a — ¢ for subsonic jet Mach numbers of 0.60, 0.85, and 1.0.

At the lowest jet Mach number the acoustic power radiation is
extremely small at the jet exit. With the microphone located

at a radial distance of 2 diameters, the calculated acoustic
power transmission increases very rapidly with axial distance.

At this radial location the jet spreads out with distance and
approaches the microphone. For all subsonic Mach numbers the
uniform core extended to approximately 5 diameters. The acoustic
power passing through a cylindrical surface with radius of 2 to

4 diameters decreases continuously with radial distance from

the jet axis. At a radial distance of 8 diameters the acoustic
power per unit length was nearly constant. Similar results

were obtained for jet Mach numbers of 0.85 and 1.0 as indicated
in Figs. 17b and c. For these subsonic Mach numbers the acoustic
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power at the plane of the jet exit was veiy low and did not
vary with the radial distance. Lighthill »2 in his analysis
of subsonic jets assumed that the sound emission from the jet
was constant over the mixing region of 4 diameters from the
exit. These preliminary near field sound pressure measure-
ments do not indicate this phenomenon, but additional investi-
gations will be conducted to resolve this question. Down-
stream of the initial mixing region, which extends to approxi-
mately 5 diameters in the present investigation, Lighthill
assumed a turbulent decay in the acoustic radiation as being
proportional to x~6. At the cylindrical surfaces determined
by the microphone location, the acoustic power transmitted
through the surface continuously increased for the subsonic
jet Mach numbers, Fig. l7a - c. This observed result was due
to the fact that the microphone measured the sound pressures
contributed by the acoustic radiation from the regions of the
jet upstream and downstream of the microphone axial position.
For subsonic jet velocities the acoustic radiation from turbu-
lence in the jet can reach the microphone placed in the near
field by eddies that are downstream of the microphone.

The distributions of acoustic power transmission per unit
length of cylindrical surface concentric with the jet are
presented in Figs. 17d and e for supersonic jet Mach numbers

of 1.2 and 1l.4. The acoustic power distributions for these
supersonic Mach numbers are quite different from those observed
for the subsonic Mach numbers, Figs. l7a - c. At the jet exit
plane, the acoustic powers are quite large for radial distances
of 2 and 4 diameters. While for subsonic jet Mach numbers

and Mach number of unity the acoustic power at this axial
location was quite low and did not vary with the radial dis-
tances. The variation of the acoustic power transmission per
unit length in the axial direction with microphone at radial
position of 2 diameters is not continuous but can be approxi-
mated by a linear variation up to the sonic location as indi-
cated in Figs. 17d and e. Even by increasing the Mach number
from 1.0 to 1.2, there occurs a drastic change in the distri-
bution of the acoustic emission from the jet. The decrease

in the acoustic power for a change in radial distance of 3 to

4 diameters is small. These results for the supersonic jets
indicate the existence of both Mach and acoustic waves as shown
in Refs. 15, 17 and 20 for the sound emission from supersonic
jets.

In Figs. l1l8a and b the distribution of the acoustic power
propagation through cylindrical surfaces of 2 and 4 diameters
from the nozzle exit are presented for jet Mach numbers of
0.60 to 1.4. For subsonic Mach numbers the acoustic power
distributions are similar for both radial distances of 2 and
4 diameters with continuous increase in power with axial dis-
tance. The rate of increase of the acoustic power with dis-
tance is greater for the microphone located closer to the jet
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periphery. For supersonic Mach numbers of 1.2 and 1.4 the
acoustic power distributions with distance were drastically
different from those observed for subsonic jet Mach numbers
as indicated in Figs. 18a and b. The greatest change in the
acoustic power occurred at the plane of the jet exit for both
radial distances. Over the supersonic region of the jets the
acoustic power distribution increased almost linearly with
distance for a radial distance of 2 diameters and the rate of
increase of the power with distance was much less than that
observed for the subsonic jets. As mentioned previously this
difference in the acoustic power distribution is due primarily
to the presence of Mach waves for supersonic jets.

To obtain some information regarding the acoustic power radia-
tion from a convergent nozzle, the acoustic power per unit
exit diameter length for various Mach numbers were calculated
and are presented in Figs. 19a and b for a radial distance of
2 diameters from the jet exit. In the uniform core region of
5 diameters for the subsonic jets the acoustic power distri-
bution was approximated by a straight line as indicated in
Fig. 19a, and it was assumed downstream of the core region
that the acoustic power decreased as x~® in the turbulent
decay region. The acoustic power distributions presented in
Fig. l%a were integrated to obtain the overall acoustic power
level by

L o
6 -6
W=fw27rrdx+ w2TrrJch dx [20]
0 2

C

where r = 2.5D and %, = 5D for jet Mach numbers of 0.85 and
1.0. The overall acoustic power levels calculated by this
method for the near field measurements were 129 and 134 db
for jet Mach numbers of 0.85 and 1.0 respectively. The cor-
responding overall power level determined from the microphone
measurements on a radius of 10 ft. from the jet exit were 135
and 140 db respectively. Thus, the overall acoustic powers
calculated from the near field measurements and assumed power
distribution were approximately 6 db lower than that deter-
mined from the far field measurements. Further investigations
will be conducted to determine the acoustic power emission
from subsonic jets.

The overall acoustic power levels were also calculated for
jet Mach numbers of 1.2 and 1.4 by the use of Eg. [20] with
the supersonic length £ from the near field measurements and
the results are presentéd in Fig. 19b. From these Mach num-
bers the acoustic power distribution was approximated by a
straight line up to the sonic point as determined from Figs.
8 and 9. This linear approximation in the supersonic region
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seems to be reasonable and it was used by Nagamatsu and Horvay2l

in developing the supersonic jet noise theory. Downstream of
the supersonic region in the subsonic turbulent jet mixing
region the acoustic power distribution was asgsumed to vary as
X °, same variation as assumed by Lighthilllr2 for subsonic
jets. The scatter in the acoustic power distribution from the
straight line for Mach 1.2 was much less than that observed

for the Mach 1.4 because of the smaller number of shock bottles
and weaker waves at the lower supersonic Mach number. The over-
all acoustic power levels calculated by Eg. [20] for jet Mach
numbers of 1.2 and 1.4 were 149 and 158 db respectively. From
the microphone measurements on a 10-ft. radius, the corresponding
far field overall acoustic power levels were 148 and 156 db
respectively. These results indicate a surprising agreement
between the overall acoustic power level determined from near
field and far field measurements for supersonic jets. This
excellent agreement may be due to two factors. Firstly, at
these supersonic Mach numbers the sound power spectra, Fig. 13,
indicate that the frequency for the peak power was approximately
5 kHz and the corresponding wave length of 0.22 ft. Thus, the
microphone was located approximately 1.5 times the wave length
from the jet periphery. The second factor is due to the
existence of Mach waves for supersonic jets as shown in Refs.
15, 17 and 20. Thus, in the near field location the micro-
phone will be influenced primarily by the Mach waves and sound
waves from the region of the jet upstream of the microphone
location. And the sound emission from the region of the jet
downstream of the microphone will be highly attenuated or will
not reach the microphone because of the supersonic jet velocity.
Additional investigations will be conducted to determine the
acoustic power distribution from supersonic jets, both from
convergent and parallel flow nozzles.

The overall acoustic power levels determined from the near and
far field microphone measurements are presented in Fig. 20 for
jet Mach numbers of 0.60 to 1.4. For a jet Mach number of 1.4
the overall sound power levels determined from microphone mea-
surements at radial distances of 2 and 4 diameters from the

jet exit brackets the overall sound power level determined

from far field measurements. Similar results were obtained

for jet Mach number of 1.2 with the far field result being
closer to that determined from a radial distance of 2 diameters.
But at subsonic Mach numbers of 0.85 and 1.0, the overall sound
power levels calculated from near field measurements were less
than that determined on a 10-ft. radius from the jet exit. The
overall sound power levels determined from the near and far
field sound measurements agreed quite well for the subsonic jet
Mach numbers of 0.60 and 0.70 for 2 diameters as indicated in
Fig. 20. These preliminary results for the overall sound power
levels indicate that for supersonic jets the near field acoustic
measurements can be used to obtain the overall sound power
radiation as well as the approximate acoustic power emission
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distribution from the supersonic region of the jet. For sub-
sonic jet Mach numbers close to sonic, the near field acoustic
measurements give some indication of the overall sound power
level and the distribution of the sound emission from the core
region of the jet.

Evaluation of Exponents o and B and Overall Sound Power Level

The overall sound power levels for a 2 in. diameter convergent
nozzle with unheated air are presented in Fig. 21 over a jet
Mach number range of 0.60 to 1l.4. This same data was plotted
in Fig. 14 as a function of the reservoir pressure. Since the
overall sound power depends upon the mass of the jet for con-
stant reservoir conditions as shown by Egs. 9 and 17, the
experimental sound power levels in Fig. 21 are corrected to
unit slug mass per second for each jet Mach number.

For these experimental test conditions the overall sound power
levels were ia%culated by the use of Lighthill's subsonic jet
noise theory—’'“ given by Eg. 9a in this report, with the
assumption that the density of the jet equal to the ambient
density, and also with the actual jet and ambient densities.

At subsonic Mach numbers the correction for this jet density
effect is small and the correction increases with Mach number.
For the lowest subsonic Mach number of 0.60, the overall sound
power level predicted by Lighthill's theory agrees with the
observed experimental value. Also, the core region for the
subsonic Mach numbers extended approximately over 5 diameters
as shown in Figs. 8 and 9 and Lighthill assumed this to be 4
diameters. But for higher Mach numbers the agreement of
Lighthill's prediction with the experimental data becomes
poorer and at a Mach number of 1.4 the difference was approxi-
mately 8 dbs. Thus, the correlation of Lighthill's predictions
with the experimental acoustic data for unheated air jet indi-
cates that Lighthill's theory can be used for subsonic jets,
but for supersonic jets the theory does not apply because the
acoustic model used in deriving the overall sound power level
does not agree with the supersonic jet characteristics. It

has been found experimentally that the peak acoustic power is
generated c¢loge to the end of the supersonic region for super-
sonic jetsl5'23 and this location is much greater than 4 dia-
meters assumed by Lighthill. It was also observed that the
acoustic power emission is not constant in the supersonic region.
These are characteristics of supersonic jets which are different
than the flow and acoustic models assumed by Lighthill in his
analysis for subsonic jets.

As a first approximation the values of the exponents o and2E
in the supersonic jet noise theory of Nagamatsu and Horvay“—,
given by Egqg. [17] in the present report, were determined_ from
the acoustic distribution determined by Potter and Jones

for a parallel flow nozzle at a Mach number of 2.49. For
this jet the values of o and B were 6.2 and 2.4 respectively.
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Using these values in Eg. [17], the overall sound power levels
were calculated and are presented in Fig. 21. At sonic jet
Mach number the calculated value agreed with the experimental
observation, but for supersonic Mach numbers the calculated
values were less than the experimental data for the convergent
nozzle. With these values for o and B, the length of the
supersonic region determined from Eq. [17] was close to the
observed length but these values did not predict the correct
acoustic emission from the jet exit or at the sonic location.
From the acoustic measurement at a Mach number of 1.4 the
values of o and B were determined to be .356 and -1.17
respectively, cf. Fig. 22. Similarly the values of o and 8
were found to be .229 and -.962 for a jet Mach number of 1.2.
These values of o and B for the supersonic Mach numbers agree
with the acoustic power distributions given in Fig. 19b.

In Fig. 22 the values of the exponents o and B for the

Nagamatsu and Horvay supersonic jet noise theory are pre-
sented as a function of the jet Mach number for convergent
and parallel flow nozzles. Also, the function given by

MZ% + MB o
F(uy) = i [21]
2

fro? Eg. [17] is presented in this figure. A contoured noz-
zle®3 with a throat diameter of 2 in. and exit Mach number

of 1.5 was used to determine the values of a and 8. The
values for a parallel nozzle with exit Mach number of 2.49
were determined from Ref. 15. Since the supersonic flow

from a convergent nozzle contains shock bottles, Figs. 3, 5
and 7, while there is no such shock system for parallel flow
nozzles, the values of the exponents o and 8 should depend
upon the type of nozzle as indicated in Fig. 22. Also, the
value of F(M:) is greater for the convergent nozzle than the
parallel flow nozzle because of the existence of shogk bottles
with additional noise source as discussed by Dosanjh 0,
Additional experiments will be conducted to define the varia-
tion of a, B, and F(Ms) with Mach number for different types
of nozzle and at varidus total temperatures.

Recently, the overall sound power levels?3:26 of jets from
different size converging nozzles at a Mach number of 1.4
were compared. The nozzles considered were a 2 in. dia-
meter with unheated air, a 4.3 in. diameter at 2300°R, and
approximately a 45 in. diameter GE4 engine at 2500°R. It

was found that the values of the exponents o and 8 determined
from the unheated 2 in. diameter jet agreed within experi-
mental accuracy with the values determined from the 4.3 in.
and 45 in. diameter jets at high temperatures. These
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preliminary results indicate that for supersonic jets the Mach
number is the important variable for the length of the super-
sonic region and the overall sound power level. The Reynolds
number of the jet and the total temperature seem to be of
secondary importance on the noise output.

Experimental and analytical values of the overall sound power
level are presented in Fig. 23 as a function of the jet velo-
city. In this figure the theoretical curves were calculated
from the supersonic jet noise theory of Nagamatsu and Horvay21,
Eq. [17]. The values of the exponents o and B in this equation
were taken to be 6.2 and 2.4, which were evaluated from the
acoustic data at a Mach number of 2.49 obtained by Potter and
Jones for a parallel flow jet. The slope of the overall sound
power level as a function of the velocity is dependent upon
the total temperature of the jet which influences the ratio

of the densities of the jet and ambient gas, p:/p,. This
density ratio appears in the overall sound powér Tevel given
by Eg. [17]. The dashed portion of the acoustic power level
curves for each jet total temperature is for subsonic jet
velocities. Both the acoustic data obtained by Tatge and
Wells for a heated air jet and in the present investigation
were corrected to unit slug mass for the jet by Egq. [17] in
order to correlate with the theoretical predictions. The
present acoustic data were for a convergent nozzle with an
exit diameter of 2 in. and the results are shown in Fig. 23
for a Mach number range of 0.85 to 1.40 at a total temperature
of 538°R. The slope of the experimental curve is steeper than
the calculated curve for a total temperature of 520°R, and

o =6.2 and B = 2.4. It was shown in Fig. 21 that the values
for the exponents o and B are functions of the type of nozzle
and the jet Mach number. With the values of the exponents
presented in Fig. 22 for the convergent nozzle the overall
acoustic power level will agree with the experimental data.

Acoustic characteristics of heated air from 4 in. diggeter
convergent nozzle were determined by Tatge and Wells at a
total temperature of 2000°R over a Mach number range of 0.89
to 1.47 and the results corrected to unit mass flow are
presented in Fig. 23. For these experiments the nozzle was
mounted 30 ft. above the ground and the jet discharged
vertically to minimize the ground reflection effects on the
acoustic measurements. The slope of the variation of the
overall sound power level with the jet velocity is much less
than that observed for the lower temperature of 538°R as
indicated in Fig. 23. But the slope agrees approximately
with the theoretical prediction given by Eq. [l17]. If the
values for o and B presented in Fig. 22 are used in Eq. [17]
instead of o = 6.2 and B = 2.4, better agreement between the
experimental and theoretical results would be obtained for
this total temperature condition.

The range of jet Mach number for the total temperature of
538°R was from 0.85 to 1.4 while the corresponding Mach
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number range was from 0.89 to 1.4 for a total temperature of
2000°R. But for approximately the same Mach number range
there was a large difference in the slope of the curves for
the variation of the overall sound power level with jet velo-
city. It was shown in Ref. 21 that the length of the super-
sonic region for supersonic jets was primarily a function of
the jet Mach number and that the jet total temperature and
the Reynolds number were of secondary importance. The super-
sonic lengths for both total temperatures of 538° and 2000°R
for the same supersonic Mach number would be approximately
the same. Also, the exponential values for o and B would be
approximately the same for a fixed supersonic jet Mach number
as observed in Ref. 26. Thus, the decrease in the slope of
the variation of the overall sound power level with jet velo-
city is due mainly to the decrease in the jet density as
derived in the supersonic jet noise theory of Nagamatsu and
Horvay. Additional carefully controlled experiments must

be conducted at various elevated jet temperatures to obtain
more information regarding the acoustic characteristics for
supersonic jets.
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CONCLUSIONS

Convergent and parallel flow nozzles with 2 in. diameter throats
were used with a room temperature air supply to produce jet Mach
numbers of 0.60 to 1.50. Both aerodynamic and acoustic measure-
ments were made to determine the characteristics of subsonic and

supersonic jets.

The axial distributions of Mach number, velocity, and tempera-
ture were determined for the convergent nozzle over a Mach num-

ber range of 0.60 to 1.4. For subsonic Mach numbers, including

sonic Mach number, the velocity on the axis remained constant
over a distance of approximately 5 diameters before decreasing
in the turbulent decay region.

For a supersonic jet Mach number of 1.4 the sonic velocity
occurred at 13.7 diameters from the jet exit ang the length
of the supersonic region was proportional to M.“. Downstream
of the sonic point the velocity decay was similar to that
observed for subsonic jets.

The impact pressure fluctuations on the jet axis were deter-
mined with a quartz piezoelectric pressure transducer. For
subsonic jet Mach numbers the peak total pressure fluctuations
occurred at approximately 9 diameters from the jet exit, but
for a supersonic jet Mach number of 1.4, the peak pressure
fluctuations occurred at approximately 12.5 diameters, just
ahead of the sonic point.

The highest overall sound pressure levels occurred at an
angular position of 19.1° from the jet axis for both subsonic
and supersonic jets. For the subsonic jets the overall sound
pressure levels decreased monotonically with the increase in
the angular position from the jet axis. But for a supersonic
jet Mach number of 1.4, the overall sound pressure level de-
creased over the angular positions of 19.1° to 43.8° and then
remained nearly constant for larger angular positions.

Power spectra for subsonic jets were quite similar with the
peak power occurring at approximately 4 kHz for Mach numbers
of 0.60 to 1.0. At a jet Mach number of 1.4 the peak power
occurred at a frequency of 5 kHz which corresponds to a
Strouhal number of 0.64.

Near field sound pressure levels were determined with micro-
phones placed 2 to 8 diameters away from the nozzle exit.

The variations of the overall sound pressures with axial
distance for a particular radial position of the microphone
were quite similar for jet Mach numbers of 0.60 to 1.0. But
for jet Mach numbers of 1.2 and 1.4 the sound pressure levels
at the jet exit plane were much greater than that observed

for a jet Mach number of unity and the variations of the sound
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pressure levels with distance were quite different than those
observed for subsonic jets. This difference in the sound pres-
sure distributions may be due to the presence of Mach waves
from supersonic jets.

From the near field pressure measurements the distributions
of the acoustic power transmission through a cylindrical
surface for a given radial location of the microphone were
determined for both subsonic and supersonic jets, and were
found to be quite different. For supersonic jet Mach numbers
the acoustic power distribution increased almost linearly
from the jet exit to the sonic velocity location. And by
assuming the acoustic power decay as x~® in the subsonic
region, the overall sound power levels were determined and
the values agreed closely with those observed in the far
field.

Overall sound power levels for Mach numbers of 0.60 to 1.5
were determined and compared with the subsonic theory of
Lighthill and the supersonic theory of Nagamatsu and Horvay.
At a jet Mach number of 0.60 the aerodynamic flow model and
the overall sound power level agreed with the prediction of
Lighthill. But at higher Mach numbers the experimental over-
all sound power levels were higher than Lighthill's prediction
and at a Mach number of 1.4 the measured sound power level was
approximately 8 dbs higher than the prediction.

At supersonic jet Mach numbers the aerodynamic flow model and
the acoustic power distribution agreed with the assumption
used in the derivation of the Nagamatsu and Horvay jet noise
theory. The exponents a and B in the theory were evaluated
for convergent and parallel flow nozzles as functions of the
jet Mach number. Overall sound power levels for jet Mach
numbers of 0.60 to 1.4 were compared with the supersonic
theory.
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3(a) 3(b)

FIG.3 INTERFEROMETER PHOTOGRAPHS OF FLOW FROM
A CONVERGENT NOZZLE AT MACH NUMBER OF 14

4(a) 4(b)

FIG.4 INTERFEROMETER PHOTOGRAPHS OF FLOW FROM
A CONVERGENT NOZZLE AT SONIC MACH NUMBER.
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5(a) HORIZONTAL KNIFE EDGE 5(b) VERTICAL KNIFE EDGE

FIG. 5 SCHLIEREN PHOTOGRAPHS OF FLOW FROM A CONVERGENT
NOZZLE AT MACH NUMBER 14

6(a) HORIZONTAL KNIFE EDGE 6(b) VERTICAL KNIFE EDGE

FIG.6 SCHLIEREN PHOTOGRAPHS OF FLOW FROM A CONVERGENT
NOZZLE AT SONIC MACH NUMBER.
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7(a) Mj=1.4 7(b) Mj=1.0

FIG.7 SHADOWGRAPH PHOTOGRAPHS OF FLOW FROM A
CONVERGENT NOZZLE AT MACH NUMBERS OF 1.4 AND 1.0
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130 —

OVERALL SOUND POWER LEVEL, db re 10~'> WATTS

R

110 ] | |

0 10 20 30
RESERVOIR PRESSURE, psig

FIG. 14-OVERALL SOUND POWER LEVEL AS FUNCTION OF
RESERVOIR PRESSURE FOR CONVERGENT JET.
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OVERALL SOUND POWER LEVEL, db re 10='3 WATTS
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FIG.2)- COMPARISON OF EXPERIMENTAL OVERALL SOUND POWER LEVEL FOR
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CONVERGENT NOZZLE WITH PREDICTIONS OF LIGHTHILL 8 NAGAMATSU-
HORVAY THEORIES.
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